Over the last years the carrier based positioning has been receiving more attention as it is used for high accuracy positioning, among the code pseudorange. The main goal of this contribution is to investigate a technique for users in urban environment with the use of GNSS carrier phase measurements for enhancing the accuracy obtained with only code-based techniques.
INTRODUCTION
The use of carrier phase techniques, like the Precise Point Positioning (PPP) and Real Time Kinematic (RTK), are consolidated approaches for providing precise positioning. This work presents the most relevant results with the use of both techniques from a large test campaign. In this test campaign, the measurements are collected by professional and mass-market GNSS receivers mounted on a vehicle used to drive in urban environments. These data are used to investigate the advantages and drawbacks when using either PPP or RTK techniques with real data. Based on the GNSS observables assessment, algorithm enhancement and some receiver techniques are implemented, they are expected to reduce the performance especially for urban users. Among the mass market receivers, an Android N smartphone have been used to collect raw GNSS measurements, in static conditions to be confident about the truth position. It should be noted that the new Android 7 (Nougat) version brings notable advantages on the location service with the capability to extract the Raw GNSS measurements. This paper shows preliminary code-based and carrier-based positioning results. The use of Doppler Measurements to smooth the raw pseudoranges is also an important achievement in this research.
DUAL-FREQUENCY PPP ALGORITHM
PPP is able to achieve sub-meter precision levels for mobile users in urban environments by using precise positions and clocks with a dual-frequency GNSS receiver. solution of orbit and clocks, PPP requires a hundred of reference stations globally distributed and it is typically used in post-processing. However, due to the technology development those corrections are nowadays provided by commercial companies and it is expected, in a near future, to be available for all the users. The PPP algorithm uses as input code and phase observations and precise satellite orbits and clocks, in order to calculate precise receiver coordinates and clock. The standard approach in PPP for handling ionospheric delays is to use a dual-frequency receiver and form the "ionosphere-free" linear combination of L1 and L2 (referring to the first and second frequency) carrier phase and pseudorange observations, that for CDMA measurements equations are: 
Where , and , represents respectively the GNSS code and phase measurements between the satellite and the receiver at frequency . Here:
is the geometric range. and are the receiver and satellite clock offsets from GNSS time scale, including the relativistic satellite clock correction.
is the total slant tropospheric delay (the troposphere is a non-dispersive medium).
is a frequency-dependent ionospheric delay term, where is the conversion factor between the signal delay along the ray path on frequency L1, and the signal delay at frequency . , and , are the receiver and satellite instrumental delays, which are dependent on the code and the frequency .
, and , are frequency dependent carrier phase instrumental delays.
, represents the effect of multipath on the code at frequency .
, is the receiver code noise. is the signal wavelength at frequency .
represents the wind-up effect due to the circular polarization of the electromagnetic signal.
, is the non-integer ambiguity, while , is the integer ambiguity, , (0) is the receiver initial phase offset and , (0) is the satellite initial phase offset.
, + , terms are the carrier phase multipath and noise, respectively.
For GLONASS, that is a FDMA system, the model is a little bit more complicated because of the interfrequency biases. They can be accounted into the phase and code receiver hardware delays , and , , but in this way they become dependent from the satellite too. The code and phase observation models then become 
The observations coming from all the satellites, corrected for the satellite clock offsets, the dry tropospheric slant delay, are processed together to solve the different unknowns: the receiver coordinates, the non-integer phase ambiguity terms, the receiver clock offset and the wet zenith tropospheric delay. The dual-frequency PPP results for a multi-constellation scenario are based on GPS L1CA/L2P, GLONASS G1/G2, Galileo E1/E5a and BeiDou B1/B2 observables.
With single-frequency PPP, the ionosphere-free linear combination, introduced above, cannot be formed. Massmarket receivers are currently using single-frequency for cost and power consumptions reasons. Since the ionospheric effect will be one of the biggest error sources for such users, the PPP performance results with different ionospheric products will be assessed and compared. The following options are available real-time or with less than 24h latency: a) Broadcasted ionospheric corrections in the navigation message, this method is implemented in real-time. b) Rapid Global Ionosphere Map (GIM) provided by IGS and other organizations, this method can provide better results than case a), but it is limited to 1 or 2 days latency. Therefore it cannot be fully implemented in real-time. In a near future the realtime provision of these products could be envisaged. c) Satellite-based Augmentation Systems (SBAS) corrections, such as the EGNOS, providing ionospheric corrections in real-time.
REAL TIME KINEMATIC
The RTK technique is based on the double-difference (DD) observations and it requires the transmission of the observables of the closest reference station (RS) to the users, along with the position of RS to compute the baseline in between. The transmitted observations must be time tagged in the GNSS time scale and the users must synchronize their observation to those received within 40 microseconds (using their PVT solution is usually sufficient).
RTK approach uses a local dense network of CORS with GNSS receiver, providing high positioning performance in the vicinity of a base station (maximum baseline ~10 or 20km This technique is limited to the baseline length, but relaxing the limit in the accuracy (e.g. low-cost receivers) increases the length of the admissible baseline. It can be nowadays exploited in real-time with kinematic users, so it a promising technique for carrierbased positioning in challenging environments.
TOOLS & EQUIPMENT
The following state of the art tools and equipment have been used to perform the study: 1. Grafnav/Inertial Explorer (IE) software is a powerful, highly configurable processing engine that allows for the best possible static or kinematic GNSS accuracy using all available GNSS data. It is a Novatel COTS product. It is worth to highlight the inclusion of ComNav K708 within the equipment for the test campaign. It is considered as an example of the future generation of GNSS Receivers, a low-cost receiver with dual-frequency tracking capability.
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DATA SETS AND REFERENCE TRAJECTORY
We have conducted several mobile tests under controlled conditions with the collection bike and smartphone. In absence of INS data, the reference trajectory has been performed with the ProRx receiver in a Multi-GNSS differential positioning method in a Forward-Backward processing mode. The ambiguities have been fixed to integer values over 90% of the epochs (see Figure 4 ). In previous papers (
, it has been proved that GPS and GLONASS are not enough to give a good carrier-based positioning in terms of availability and accuracy in urban environment. The need of Galileo and BeiDou-3 is a must to achieve sub-meter level accuracy in urban conditions.
The motivation behind the data collection in China is to obtain BeiDou data as third almost complete GNSS constellation after GPS and GLONASS. BeiDou constellation is currently under deployment but it is regionally operational with 5 GEOs and 6 IGSO satellites on top of the MEO satellites. In particular from those IGSO satellites deployed within the regional constellation covering China and neighboring regions. The IGSO satellites can be observed much longer and the corresponding elevation values change much slower than for the MEO satellites. There is a strong correlation between the Signal-to-Noise Ratio (SNR) and Multipath with the elevation. The higher the elevation angles are, the larger the SNR and the smaller the multipath error. Among others, this features makes the IGSO satellites ideal for challenging conditions where the satellite visibility plays a crucial role and the inclusion of the IGSO on top of the already existent GNSS MEO satellites will provide much better geometry and performance.
Galileo and QZSS satellites are also collected in these tests. In overall, a multi-GNSS solution with these real collected data is expected to be at the same level as the solution shown in the previous analyzed studies. This paper tries to validate the results generated synthetically.
OBSERVABLES QUALITY ASSESSMENT
Previously to process the collected data, a detailed assessment of the code and carrier phase measurements has been performed in order to better understand the following results (see from Table 4 to Table 7 ).
The following figures of merit are considered in the assessment for each of the receivers: Third Order Difference (3 ord Diff), it is calculated using the following expression:
where is the measured carrier/code phase measurement at epoch n on signal c 1 . As the algorithm is time depending, at least four consecutive samples, the signal is separated in different pieces if a loss of signal tracking is found, in order to avoid false spikes. Code-carrier coherence (iono-free) (CCC), it is calculated using the following expression:
This observable combination of code and carrier phase from a dual-frequency receiver is assessed to extract the multipath error. It is crucial to detect the cycle-slips correctly beforehand and remove the ambiguity. This Figure of Merit has been computed versus time. In order to shorten the length of the paper and make it more readable only the results from Data Set #3 (see Table 3 ). Similar results were obtained for the other data sets. The results, as expected, shown a degradation proportionally to the quality, price of the GNSS receiver. u-Blox NEO-M8P is a low-cost receiver with, obviously, lower quality clock, oscillator, carrier-phase tracking loop… It is important to remark that all the receivers where connected to the same GNSS antenna. Furthermore, the antenna does not have any impact on this degradation, only the behavior of the receiver plays a role in this comparison.
I. SSN AsteRx2 Code/Carrier phase 3 ord Diff
The receiver contribution is similar among GNSS constellations apart from Galileo in ComNav K708. This issue has been further analyzed and outliers satellites were not found. It is then considered a tracking issue for this receiver. However, the outlier found on the tracked BeiDou measurements by u-Blox is clearly due to satellite C06 (see Figure 8 ). This satellite is affecting considerably the overall receiver contribution and it will be discarded from the analysis at low elevation (<25deg). As it can be seen in Figure 9 , Similar results have been found for both dual-frequency receivers, multipath slightly higher on ComNav K708. GLONASS measurements are more affected from multipath errors and maximum values have been found on same epochs at both receivers.
DYNAMIC SCENARIOS
In the context of dynamic users and urban conditions, the key aspects are the satellite accessibility, multipath and carrier cycle-slips, as the user is moving through the city, it will lose, reacquire and track new satellites continuously, degrading the convergence because the ambiguity has to be solved.
For the generation of these high-accuracy results, Rapid Products are going to be used because nowadays are available with a latency of less than 24 hours (open service) and already provided by commercial services in real-time.
It is expected that in a near future the Rapid Products accuracy will be available in real-time for public use. Besides, a professional receiver has been included in the setup for the differential processing. It was located in the surrounding of the data collection (<10km). First of all, Galileo measurements cannot be processed in the PPP algorithm, Grafnav 8.70 is not ready yet to process them. Besides, Single-Frequency PPP is not yet implemented, only single-frequency RTK results will be shown here.
I. DF RTK/PPP SSN AsteRx2 Performance.
As expected the more GNSS satellites are available the better performance can be achieved. The satellite geometric diversity provided by the multi-GNSS helps to have a greater number of visible satellites and reduce the positioning error. One of the big limitations of PPP is longer convergence times than RTK. The continuous loss of satellites due to the environment (e.g. buildings, trees…) is affecting severely the convergence time, therefore the positioning accuracy. As preliminary conclusions, RTK performs better than PPP in terms of accuracy and gets similar availability in similar conditions, some misleading results will be analyzed in the following sections (see Table 5 and Table 7 highlighted yellow rows). In RTK processing, the GLONASS measurements are degrading the positioning accuracy, most probably because of the IFBs, an expensive receiver calibration has to be done on both station and rover, otherwise they will not totally cancel out in the differentiation.
It is also important to remark the similar results found between SSN AsteRx2 and ComNav K708, although there is a big difference in terms of price between them.
The performance of RTK u-Blox NEO-M8P is really good, being at the same order of magnitude as the others two dual-frequency receivers. Again, the performance should not be considered a mass-market representative case because of the professional GNSS antenna used for this data collection.
The impact of IGSO satellites in harsh conditions was of special interest. The inclusion of few IGSO satellites is similar to a full MEO constellation in urban scenarios. ( see Table 4 and Table 6 ). Figure 10 shows that the number of BeiDou IGSO satellites was maximum 3 satellites. However, there were even 8 GLONASS in view.
Figure 10: Number of GPS, GLONASS and IGSO BeiDou satellites
Finally, the feasibility of carrier-based positioning in urban environments at sub-meter level is a reality in Asia with the current deployment of BeiDou and Galileo. By 2020, GPS, GLONASS, Galileo and BeiDou will be fully operational, this will involve an increase in the number of visible satellites for PPP/RTK at end user level. Therefore, high accuracy techniques will be able to reach centimeter level positioning accuracy in challenging environments.
Based on the observable quality assessment, together with some receiver techniques are expected to reduce the convergence times and improve the accuracy for urban users. The following improvements will be evaluated: a) Multi-GNSS Elevation Cut-Off Angle, the quality of the tracked GNSS observables is not the same for all the constellations, each constellation has a different receiver contribution. Based on the 3 ord Difference, a different elevation cut-off angle has been defined per constellation: AsteRx2  15deg  15deg  20deg  5deg  ComNav  20deg  15deg  15deg  15deg   Table 9 : Settings Multi-GNSS Elevation Cut-Off Angle b) Cycle-Slips Detector, the carrier cycle slips is one of the key aspects in urban conditions, receiver losses of lock cause discontinuities in the phase measurements that are seen as jumps of integer number of wavelengths. A detector based on the Melbourne-Wübbena combination is implemented to help the software detect the cycle-slips. This simple algorithm is suitable for running in real time.
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The implementation of the following improvements have been applied on the multi-GNSS solutions previously shown (see from Table 4 to Table 7 In summary with a good selection of satellites and a good cycle-slip detector to remove those phase discontinuities that leads to false ambiguities resolution, the performance of PPP/RTK techniques is at sub-meter level in urban conditions. As it can be seen in Figure 12 , RTK converges instantaneously to centimeter level. It is also important to remark that multi-GNSS PPP solution also converges in few epochs but at decimeter level, there is a noise floor due to the dynamic of the user and the receiver contribution from the observables (see Figure 6) , not being able to achieve below that. A GPS-only PPP solution needs a couple of minutes to reach the same positioning accuracy and the poor satellite geometry due to the urban environment is driven the accuracy.
As expected, the increase of number of satellites in view, helps considerably to remove gaps, outliers and get a smoother solution.
STATIC SCENARIO
This chapter describes the positioning capabilities available with the new Android devices to understand how far they are from other commercial low-cost receivers.
In order to better understand the performance and have a reliable reference position, a static data collection in rural conditions have been considered as benchmark. It should be highlighted that the system is not providing the pseudorange straightforward, some GNSS engineering is needed to obtain them and the GNSS time. [6] The different user applications can access to the GNSS data using the framework API location (see Figure 12 ). The following scenario consists of live signal data recorded in ESTEC, The Netherlands. The main assumptions are listed below:
I. In Table 12 , it can be seen that the Galileo increases the positioning availability and accuracy. However, GLONASS Raw data might degrade the accuracy but increase the availability. Besides, GLONASS carrier phases, so-called in android Accumulated Delta Range Meters (ADR), are ignored by RTKLib. The Doppler measurements provided by android can be used to smooth raw pseudoranges in difficult environments [7] . The sampling window used to smooth the pseudoranges also plays an important role, several time windows have been compared in order to find the most convenient:
Multi-GNSS measurements (GPS, GLONASS and Galileo
Doppler The previous figures show a considerable improvement when using the Doppler measurements to smooth the raw pseudoranges. In future data collections, it will be interested to investigate if the Doppler measurements are also helping in dynamic users. Doppler data might not follow accurately the dynamic of the user.
CONCLUSION
The main goal of this contribution was to characterize the current positioning algorithms in urban environments with the use of GNSS carrier phase measurements (processed with PPP and RTK) with real collected data. This also will validate the characterization performance from the previous studies. Furthermore, improvements for the current algorithms have been proposed and their performance enhancement demonstrated. Finally, the understanding of the positioning capabilities and performance of the new android N version have been presented.
In Asia, BeiDou-2 is regionally operational with the deployment of GEO, IGSO and MEO satellites covering China. In urban environment, the performance of IGSO satellites is similar to a full MEO constellation. This paper shows that with the current deployment of Galileo and BeiDou, together with a good selection of satellites and cycle-slip detection, carrier-based positioning (in the form of PPP and RTK) can achieve decimeter precision level in harsh-urban conditions. The high number of satellites (more than 80) and the geometry diversity from all the different constellations helps to have a great number of satellites in view continuously, reducing data gaps and outliers.
Another important conclusion is the performance of single-frequency RTK with u-Blox M8P, proving that high accuracy positioning with mass-market receivers can achieve sub-meter level in a near future. This technology improvement on mass-market receivers will do carrier-based positioning interesting to a broad range of applications.
Besides, the android N devices have notable advantages on the location services which might bring plenty of new users to the high accuracy positioning field. But it is still far from achieving high accuracy positioning. Some aspects have to be further analyzed and improved: Accumulated Delta Range (ADR) measurements are not as accurate as the common carrier phase measurements from commercial receivers. The low quality of the smartphone antenna and ADR makes impossible for RTK techniques to fix ambiguities.
Both PPP and RTK techniques are demonstrated to be feasible in challenging conditions. RTK performs better and is already available in real-time, but the main RTK limitation is the need of a reference station tracking the same GNSS constellations as the rover in the vicinity (distance lower than 10-20km). The advantage of PPP is that it does not need any reference station and the continuous algorithm development will make orbits and clock products available also real-time for all users.
